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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
   Cast iron pipelines are still utilized for water and gas transportation. Recently several dangerous events occurred. 
Thus the  study of both endogenous and exogenous critical issues on cast-iron pipelines is again of interest. 
    Those critical issues have been analyzed, also considering some actual cases. Experimental results, obtained  from 
tests performed on lamellar cast iron coming from pipes broken in works, have been reported. Particularly 
toughness, crack growth rate and UTS have been determined by considering also the defectiveness and corrosion 
conditions of the studied material.  A system for cast iron pipelines monitoring  is proposed. 
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Peer-review under responsibility of the Scientific Committee of ECF21. 
Keywords: Cast iron pipelines, mechanical properties, FBG sensors 
   
1.   Introduction 
    Since the nineteenths a wide use of cast iron components has been made worldwide, particularly water and gas 
pipe networks. Referring to cast iron pipelines for gas transportation in the Italian cities, they were extensively used 
up to 1980, even if the fluid transported changed from city gas to methane with consequent different operative 
conditions. Furthermore increasingly stringent external factors such as: vibration due to the  modernization work of 
the city service networks, vehicular traffic, possible sabotage, etc. make the resistance of  piping networks  
 
 
* Corresponding author. Tel.: +390644585601; fax: +390644585641. 
E-mail address: ferdinando.felli@uniroma1.it 
 
il l li i i
       
. .  
 
    .    . . 
 
. ,     ,       
   ,  ,   
 
  . .    . 
  . .  
2 Author name / Structural Integrity Procedia  00 (2016) 000–000 
increasingly critical, with the consequent need of replacing them with a more resistant material or in any case make 
their monitoring more stringent.  
    In 1986, after a big explosion occurred, due to gas leakage in a pipeline in Via Ostiense Rome, the replacement of 
cast iron pipes with polyethylene ones was started, but it has not been still completed. Nevertheless, in the last thirty 
years several catastrophic events occurred in Italy such as: Via Ventotene - RM (November 2001), Via Trionfale - 
RM (December 2004), Via Triunvirato - BO (November 2009), Piazza Cavour - RM (April 2010), Centocelle - RM 
(September 2015) that occurred right during the cast iron pipe replacement with polyethylene ones, Quartiere 
Africano - RM (Jenuary 2016). 
    Several studies, particularly related to less critical pipes for water transportation as in Makar (2000),  were 
finalized to understand and solve the problematic inherent to damaged cast iron pipelines, as described by Arias-
Nicolás et al. (2015), Padkin et al. (1987), Bedrin et al (2001), Felli et al. (2004), as it will take some time, before 
their complete replacement.  
    In this work a failed cast iron pipeline has been studied. 
 
2. Materials and Techniques.  
    The pipe portion used in this study originates from damaged gas pipeline, the failure was caused by stresses 
transmitted by vehicular traffic, the trigger was generated by a casting defect. The piece of damaged  pipe has been 
cut to about 30 cm from the fracture, as shown in Fig.1; the piece obtained was used to prepare samples for 
macroscopic, metallurgical and mechanical investigations. Particularly performed mechanical tests were: Wickers 
hardness, tensile tests, KIC (ASTM E 399) and measurements of crack growth rate (ASTM E 647). The last two were 
carried out by using compact type specimens (CT) having W=24.5 mm, B=6.5 mm dimensions. 
    Some specimens were prepared for determining structure and graphite morphology in metallographic 
examinations. 
 
  
Fig.1 Part of damaged pipeline with tensile and CT specimens obtained from 
   Pipe having  external diameter (De) 170 mm and thickness 8.5 mm 
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   Aspect, morphology and defectivity of the pipe constituting cast iron were studied both with the stereomicroscope 
and  the scanning electron microscope (SEM). 
 
3. Results and Discussion.  
   The study is relevant to identify by macroscopic and microscopic observations the causes responsible for the 
catastrophic failure and to provide the mechanical characteristics of typical lamellar cast iron still used for gas 
pipelines. Furthermore a suggestion to prevent sudden explosions was presented. 
    Fig. 2a and b  show micrographs of cast iron for a sample not etched  to highlight the graphite morphology and 
distribution, while in Fig.3 a and b are reported micrographs of the sample after metallographic etching with Nital 
2% for highlighting the structures. It is noted that the graphite is of a lamellar shape. The lamellae are smalls, with 
no preferred orientation and are mainly collected in interdendritic spaces. So according to the standards (UNI 3775-
73) distribution of the graphite is very close to that of type D. They also identified a number of manganese sulfide 
inclusions, light particles in Fig.2b.  
 
  
Fig. 2 SEM micrographs of cast iron sampling: without etching   
 
   The metallographic etching showed that graphite is distributed in the ferritic matrix and that there are several 
isolated pearlite nuclei (fig.3). Therefore the pipeline is constituted by a gray cast iron of predominantly ferritic 
matrix. The type D graphite, for its formation characteristics is generally defined as a sub cooling graphite. 
   A preliminary macroscopic examination of the fracture line, as shown in figures 4 a and b, allows to individuate 
the presence of a defect that is located in the lower part of the pipe (Fig 4a) with respect to how it was placed. From 
such a defect, by following the two fracture fronts up to a diametrically opposite zone, it is observed that these 
branch off  originating  a flake (Fig.4b). Thus fracture, originated from defect,  propagates instantaneously up to the 
top where the two fronts originated the flake. 
a b 
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Fig. 3 Optical micrographs of cast iron sampling with etching  
 
 
  
Fig.4 Fracture line with a) starting defect; b) final fracture front originating flake. Pipe De 170 mm 
 
   The macrographs of the fracture surface in the trigger zone has been performed both on the specimen as such 
(Fig.5a) and after the oxide removal (Fig.5b) with an aqueous solution at 20% by weight of ammonium citrate. Fig.5 
shows an overview of the trigger area of sample as it, where the defect appears as a funnel-shaped virtually passing 
cavity. The SEM-EDS analysis performed in the same  area, confirmed the presence of definitely hydrated iron 
oxide, the presence of calcium, also found, is due to earth residues. In the same area, slag presence was found, that  
EDS qualitative analysis shows  to be an  iron silico-aluminate. 
    After cleaning the sample with ammonium citrate, SEM observation shows that, in a fracture neighboring area, a  
typical fracture morphology with cleavage (crack path) is present, the fracture aspect has been modified (rounded) 
by subsequent oxide formation (fig.6). Furthermore the presence of slag covering an even larger area of the same 
funnel-shaped cavity of  trigger area is highlighted . The observation of the fracture both around trigger zone (Fig.6) 
and on flake (Fig.7) reveals a brittle morphology even more affected by oxidation. 
   The mean values of performed mechanical tests are: hardness (HV 180), σy 340 MPa, σr 370 MPa, strain virtually 
nil. Referring to lamellar cast iron toughness the samples have not overcame the thickness check, being thickness of 
failed pipelines from which the CT samples (Fig.1) were taken  less than that required by ASTM designation, thus it 
is possible to affirm that the find toughness value 20 MPa√m represents an overstated value ( KQ). The toughness 
b a 
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values reported by Cheng-Hsun  et al. (2000) for lamellar cast iron are in the range 10-18 MPa√m. 
 
   
Fig.5 Trigger zone: a) without etching, b) with etching. specimen thickness 8.5 mm 
 
 
   The crack growth rate (da/dN) is reported in Fig.8 as a function of stress intensity factor (∆K). Fig.8 shows that 
threshold is about 2-3 MPa√m, while the crack growth starts with rate of about  0.2 μm/cycle and rapidly goes to the 
fracture critical value.   
   The aspect of fracture of  lamellar cast iron fatigue CT sampling is shown  in the macrograph reported in  Fig.9. It 
is highlighted  that the crack grows about 4 mm before final crack, confirming the behavior reported in Fig.8. 
 
 
  
Fig.6 SEM micrograph of fracture aspect near the trigger 
a b 
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Fig. 7 SEM micrograph of flake, generated from final crack,  highlighting a brittle fracture  
 
 
 Fig.8 Fatigue crack propagation rate vs. ΔK 
 
 
   From observations and performed experimental tests, lamellar cast iron appears not useful for these critical 
applications. It presents an intrinsic brittleness (very low KIC values). Thus it is easy that fractures can occur on cast 
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iron pipelines for gas transportation, failures are promoted by defect presence and magnified by loads procured by 
landslips, vibrations, vehicular traffic and a not correct placement in the soil. 
 
  
Fig.9 Aspect of broken CT specimen 33 mm length 
 
4. Pipelines Monitoring by Sensors.  
   The mitigation of the problem inherent to cast iron pipes could be achieved by a monitoring  network using FBG 
sensors, which can give real time indication of any failure and fractures eventually generated. In that respect Felli et 
al. (2015), (2016) have already facing such a study, aimed to pipes for the transport of oil and other fuels], with the 
use of FBG optical fiber sensors. Especially it is being evaluated the sensor ability to monitor the vibrations induced 
by critical stresses on the pipes. The sensors are based on a grating inscribed for refractive index change on a small 
fraction in the optical fiber core. By sending broadband light on the fiber there is a wavelength response, 
characteristic of the grating that varies periodically as a function of the induced vibration. It might as well also get 
the moment of any pipe failure. 
    Preliminary studies appear very encouraging, in Fig.10 are reported  a response spectra of two sensors applied, 
with two different technologies, on a pipe placed into sand and subjected to cyclic stresses. The stresses are applied 
by varying the distance from the sensor.  From the figure it is evident that the red signal relative to sensor,  simply 
glued to the pipe, is not able to feel the vibrations, while the black one using a proprietary technology is very 
sensitive.  Further advantage of this technology is to allow continuous and remotely monitoring. 
    Deepening on this technology can be found  on above reported references. 
     
  
 
Fig.10 Wavelength shift vs. time during cyclic load application to the pipe 
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5. Conclusions.  
   The analyses, of cast iron pipelines failed in work, confirmed the great critical issues of these component in opera, 
especially for critical applications as that of gas transportation. Considering that cast iron pipelines will be operative 
for a long time before their complete substitution, a monitoring  system based on FBG sensors has been proposed. 
That system could at least indicate in real time potential structural failures of pipelines. 
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